Dharma/Bozozok (Dha/Boz) is a homeodomain protein containing an Engrailed homology (Eh) 1 repressor motif. It is important in zebrafish dorsal organizer formation. Dha/Boz interacted with a co-repressor Groucho through the Eh1 motif. Expression of a Dha/Boz fused to the transcriptional activator VP16 repressed dorsal axis formation and the expression of organizer genes but led to the dorsal expansion of expression of the homeobox gene vox/vega1, indicating that Dha/Boz functions as a transcriptional repressor for dorsal axis formation. We also isolated a novel homeobox gene, ved, whose expression was negatively regulated by dha/boz. ved's sequence and expression profile were similar to those of vox/vega1 and vent/vega2. Like Vox/Vega1 and Vent/Vega2, Ved acted as a transcriptional repressor. The combined inhibition of ved, vox/vega1, and vent/vega2, by antisense morpholino injection, strongly dorsalized the embryos and elicited ventral expansion of organizer gene expression, compared with the effect of inhibiting each of these genes alone. These results suggest that ved is a target for the repressor Dha/Boz. ved functions redundantly with vox/vega1 and vent/vega2 to restrict the organizer domain. q
Introduction
The specification of vertebrate body axes, e.g. the dorsoventral (DV) and anterior-posterior (AP) axes, is initiated soon after fertilization. In Xenopus and zebrafish, the dorsal determinants are located at the vegetal pole and are translocated to the future dorsal side via a subcortical microtubule array (Jesuthasan and Stahle, 1997; Mizuno et al., 1999; Ober and Schulte-Merker, 1999) . The molecular nature of the dorsal determinants is still unknown, but they bring about the stabilization and nuclear accumulation of b-catenin, a downstream component of the Wnt signaling pathway, on the future dorsal side, and induce the expression of genes involved in the formation of the Nieuwkoop center and the subsequent induction of the dorsal organizer (Schier, 2001 ).
The zebrafish homeobox gene dharma/bozozok (dha/boz; also called nieuwkoid) is expressed soon after the mid-blastula transition (MBT) at the dorsal blastomeres and yolk syncytial layer (YSL) (Koos and Ho, 1998; Yamanaka et al., 1998) . The dorsal expression of dha/boz depends on the Wnt/b-catenin pathway, and the dha/boz promoter contains consensus binding sequences for a complex of Tcf/Lef and b-catenin, which are required for the dorsal expression of dha/boz (Ryu et al., 2001; Shimizu et al., 2000) . Ectopic expression of dha/boz induces ectopic dorsal structures, and a recessive mutation (boz m168 ) of the dha/boz gene leads to impaired dorsal organizer activity and defects in the formation of dorso-anterior structures (Fekany et al., 1999; Ho, 1998, 1999; Shimizu et al., 2000; Yamanaka et al., 1998) . Furthermore, dha/boz can induce the organizer genes in a non-cell autonomous manner (Koos and Ho, 1998; Yamanaka et al., 1998) . These data indicate that dha/boz mediates the dorsal determinants-mediated signal and plays an important role in the formation and/or function of the zebrafish Nieuwkoop center.
Dha/Boz contains an amino acid motif similar to the repressor domain of Engrailed (Engrailed homology 1 motif) (Koos and Ho, 1998) . The Engrailed homology (Eh) 1 domain is involved in an interaction with the Groucho/TLE-family of co-repressors. This suggests that Dha/ Boz acts as a transcriptional repressor, although its repressor activity has not yet been demonstrated. Recently, vox/vega1 and vent/vega2, members of the ventrally expressed vox/ Xvent/PV.1 family homeobox genes, were isolated from zebrafish and proposed to be candidate targets of the repressor Dha/Boz (Kawahara et al., 2000a,b; Melby et al., 2000) . vox/vega1 is first expressed ubiquitously after the MBT but is excluded from the dorsal blastoderm margin and YSL before gastrulation, where dha/boz and goosecoid (gsc) are expressed. vent/vega2 is expressed slightly later than vox/vega1 in the ventral blastoderm margin during the blastula stages. The ventral expression of these genes is suppressed by dha/boz misexpression, and the dorsal exclusion is abolished in boz mutant embryos (Kawahara et al., 2000a,b; Melby et al., 2000) . Vox/Vent/Vega proteins also act as transcriptional repressors (Kawahara et al., 2000a,b) . Misexpression of vox/vent/ vega1, 2 reduces the expression of the organizer genes and ventralizes the embryos (Kawahara et al., 2000a,b; Melby et al., 2000) . Expression of an antimorphic Vega1 (VP16-Vega1), in which Vega1 is fused to the transcriptional activation domain of Herpes Simplex Viral protein VP16, activates the organizer genes and suppresses the phenotypes of boz mutants (Kawahara et al., 2000a) . Loss of vox/vega1 and vent/vega2 in embryos leads to severe dorsalization and the expansion of dha/boz and organizer gene expression (Imai et al., 2001) . Epistatic analyses show that the vox/vent/vega1, 2 genes act downstream of dha/boz to repress organizer genes outside of the dorsal organizer (Imai et al., 2001) . These data suggest that the repression of vox/vent/vega1, 2 by dha/boz in the organizer domain is involved in the expression of the organizer genes and the formation of the dorsal organizer. In this study, we demonstrate that Dha/Boz interacts with a member of the Groucho family through its Eh1 motif and functions as a transcriptional repressor of dorsal organizer formation. We also report the isolation of a novel homeobox gene, ved, which displays similarities in amino acid sequence and expression profile with vox/vega1 and vent/ vega2. ved expression was negatively regulated by the repressor Dha/Boz. Ved acted as a transcriptional repressor that inhibited expression of the organizer genes, suggesting that repression of ved by dha/boz is involved in organizer formation. Loss of function of vox/vega1, vent/vega2, and ved revealed that ved acts redundantly with vox/vent/vega1, 2 to restrict the dorsal organizer domain.
Results

Dharma/Bozozok functions as a transcriptional repressor for the dorsal organizer formation
To determine whether the Eh1 repressor domain of Dha/ Boz is required for its function, we constructed Dha/Boz mutants (Fig. 1A) . ESID-Dharma was generated by replacing a key conserved phenylalanine with glutamic acid. This substitution eliminates the activity of Drosophila Engrailed (Smith and Jaynes, 1996) . En-Dharma was constructed by replacing the entire Eh1 region of Dha/Boz with the repressor domain of Drosophila Engrailed (Fan and Sokol, 1997) . VP16-Dharma was constructed by replacing the Eh1 domain with the transcriptional activation domain of Herpes Simplex Virus type I VP16 protein (Sadowski et al., 1988) . We also constructed DN-Dharma, in which the N-terminal Eh1 motif was deleted.
Expression of En-Dharma dorsalized the embryos (38/38) and induced expansion of the goosecoid (gsc) (19/19) and chordino (din) (20/20) expression domains at the shield stage as efficiently as did expression of wild-type Dha/Boz (5 pg RNA injection; Fig. 1B) . Expression of ESID-Dharma did not elicit dorsalization of the embryos (0/40) or expansion of organizer gene expression (gsc, 0/19 and din, 0/20), when the same amount of RNA was injected (Fig. 1B) . A 20-fold greater amount of the ESID-dharma RNA was required to elicit weak dorsalization (data not shown). Similarly, 5 pg D N-dharma RNA injection did not cause dorsalization (3/30) or failed to expand the organizer gene expression (gsc; 0/12 and din; 0/12), but 100 pg D N-dharma RNA injection elicited dorsalization (35/36; data not shown). In contrast, expression of VP16-Dharma ventra- ) and expanded expression of gsc (g,i) and din (l,n) at the shield stage, compared with wild-type embryos (a,f,k). The morphological phenotype (c) and expression patterns of gsc (h) and din (m) appeared normal in embryos injected with 5 pg of the ESID-dharma RNA. Embryos injected with 10 pg of VP16-dharma RNA displayed a ventralized phenotype (e) and the expression of gsc (j) and din (o) was abolished. Animal pole view, dorsal is to the right (f-o). (C) The expressions of vox/vega1 and ved were reduced by injecting 5 pg of dha/ boz RNA (b,g) or 5 pg of En-dharma RNA (d,i), compared with wild-type embryos (a,f). Expression of vox/vega1 and ved appeared normal in embryos injected with 5 pg of the ESID-dharma RNA (c,h). Embryos injected with 10 pg of VP16-dharma RNA displayed expanded expression of vox/vega1 (e) and ved (j) that extended to the dorsal marginal region. Animal pole view, dorsal is to the right (a-j). lized the embryos (36/36) and abolished the expression of the organizer genes ( Fig. 1B; gsc, 19/19 and din, 20/20) . The embryos injected with VP16-Dharma displayed phenotypes similar to those of boz m168 mutants: defects in the formation of the anterior neuroectoderm and axial mesendoderm (Fekany et al., 1999; Solnica-Krezel et al., 1996) . These results indicate that repressor activity effected through the Eh1 domain of Dha/Boz is required for Dha/Boz-dependent dorsalization and organizer formation.
The homeobox genes vox/vega1 and vent/vega2 are negatively regulated by dha/boz (Kawahara et al., 2000a,b; Melby et al., 2000) . We examined whether the repressor activity of Dha/Boz is required for the Dha/Boz-mediated repression of vox/vega1 expression. Expression of EnDharma reduced the ventrolateral expression of vox/vega1 at the shield stage (20/20) as much as the expression of wildtype Dha/Boz did (18/18; Fig. 1C ). In contrast, expression of VP16-Dharma elicited expansion of the vox/vega1 expression domain to the dorsal margin (19/20; Fig. 1C ), suggesting that the repressor activity of Dha/Boz is required for the dorsal exclusion of vox/vega1 expression.
The Eh1 motifs in various transcriptional repressors have been shown to interact with the Groucho/TLE family transcriptional co-repressors (Kobayashi et al., 2001; Muhr et al., 2001) . To examine whether the Eh1 motif of Dha/Boz also interacts with Grouchos, we expressed GFP-tagged Dha/Boz and Dha/Boz mutants together with Myc-tagged zebrafish Groucho2 in human embryonic kidney (HEK) 293T cells. Groucho2 was co-immunoprecipitated with the wild-type Dha/Boz, but not with DN-Dharma, in which the N-terminal Eh1 motif was deleted, or ESID-Dharma (Fig.  1D ), indicating that Dha/Boz interacted with Groucho2 through the Eh1 motif in the N-terminal region.
Isolation and expression pattern of a novel ventrally expressed homeobox gene, ved
To find target genes for the transcriptional repressor Dha/ Boz, we conducted an ordered differential display (ODD) using embryos that had been dorsalized by dha/boz RNA injection or ventralized by injecting axin1 and bmp2b. Overexpression of axin1 inhibits the maternally derived Wnt signal, thereby reducing dha/boz expression . Activation of BMP signals reduces dha/boz expression (the physiological significance is unknown) and the organizermediated dorsalizing signals (data not shown). We generated nearly completely ventralized embryos by blocking the pre-MBT Wnt signal and the post-MBT organizer signals by misexpressing axin1 and bmp2b.
cDNAs were generated from dorsalized, ventralized, and wild-type embryos from the late blastula to early gastrula stages, and the 3 0 -end of each cDNA fragment was generated by polymerase chain reaction (PCR) (see Section 4). The fingerprints of the cDNA fragments were obtained by separating them on a 6% polyacrylamide sequencing gel, and we sought cDNA bands that were specifically enhanced or repressed in samples from the dorsalized and ventralized embryos. Dorsal-specific genes, gsc, anti-dorsalizing morphogenetic protein (admp), fkd4, and otx3, and ventral-specific genes, gata2 and non-metastatic gene A (nma, also called bambi) were isolated by this screen (Table 1) . One clone among the ventral-specific genes had not been reported previously; therefore, we isolated the fulllength clone of this cDNA. Sequence analysis of the fulllength cDNA revealed an open reading frame of 278 amino acids, containing a homeobox domain ( Fig. 2A) . The predicted amino acid sequence displayed similarities to the homeodomain of zebrafish Vox/Vega1, Vent/Vega2, and Xenopus Vex-1 (52, 50, and 53% identity, respectively) (Kawahara et al., 2000a,b; Melby et al., 2000; Shapira et al., 1999) , so we named the gene ved (ventrally expressed dha/ boz antagonist) ( Fig. 2A) . In addition to the homeodomain, Ved had an amino acid motif at the amino terminus that was similar to one in Vox/Vega1 and Vent/Vega2 ( Fig. 2A) . Radiation hybrid mapping placed ved in linkage group (LG) 10, located 9.32 cR from the SSLP marker z7088 (LOD14.1), which was a different LG from vox/vega1 and vent/vega2, which are localized to LG 13 (Imai et al., 2001) . ved was first expressed at the sphere stage, when it was distributed uniformly throughout the embryo, except for a small dorsal domain (Fig. 2C ). The dorsal exclusion became more obvious from the 30% epiboly stage, and ved transcripts were detected outside the dorsal organizer at the shield stage. During gastrulation, ved transcripts were detected in the ventral half and excluded from the neuroectoderm (Fig. 2C ). Transverse sections revealed ved expression in the ventral YSL and blastoderm at the shield stage (Fig. 2C ). This expression pattern is similar to that of vox/ vega1 (Kawahara et al., 2000a; Melby et al., 2000) .
Regulation of ved expression by dha/boz
ved transcripts were excluded from the dorsal margin, where dha/boz and gsc are expressed at shield stage, suggesting that ved is negatively regulated by dha/boz and gsc, as is vox1/vega1 (Kawahara et al., 2000a; Melby et al., 2000) . To address this point, we examined ved expression in Table 1 Summary of cDNAs identified by ODD
Comparison of the band intensities between the ODD samples from the dorsalized (D) and ventralized (V) embryos. (Figs. 1C and  3A) . Furthermore, the ved expression domain extended to the dorsal margin in the boz m168 mutant embryos at the 30% epiboly (5/5) and shield stages (6/6; Fig. 3A ), indicating that ved expression is negatively regulated by the repressor Dha/ Boz and Gsc at the late blastula and early gastrula stages.
At mid-to-late gastrulation, ved expression was not only excluded from the axial mesendoderm, which derives from the organizer, but also from the neuroectoderm. The ved expression domain overlapped with the domains of the bmp genes (bmp2b, 4, and 7). In Xenopus, vox/vent-family genes such as vox, Xvent-1, and PV.1 are regulated by BMP signaling (Ault et al., 1996; Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . In zebrafish, expression of vox/vega1 and vent/vega2 does not depend on BMP signaling at the late blastula stage, but does depend on it at the mid-gastrula stage (Imai et al., 2001; Kawahara et al., 2000a,b; Melby et al., 2000) . We examined the role of BMP signaling in determining the ved expression pattern. The extent of ved expression was not affected at the late blastula stage (30% epiboly) in swirl tc300 (swr) (6/6) and chordino tt250 (din) (5/5) mutant embryos, in which the bmp2b and chordino genes are disrupted, respectively ( Fig. 3B) (Kishimoto et al., 1997; Schulte-Merker et al., 1997) . Furthermore, misexpression of noggin1 (13/13) or bmp2b (10/10) RNA did not affect the expression of ved at the late blastula stage (Fig. 3B) . By 80% epiboly, however, the ved expression pattern was strongly affected in the din and swr mutant embryos (Fig. 3B ). In the din mutant, ved expression domain extended to the dorsal Fig. 3 . Regulation of ved expression. (A) Expression of ved was detected by whole-mount in situ hybridization of wild-type embryos (a,f), boz m168 mutants (b,g), and embryos injected with 5 pg of dha/boz RNA (c,h), 10 pg of VP16-dharma RNA (d,i), or 50 pg of gsc RNA (e,j) at the 30% epiboly (a-e), and shield (f-j) stages. The expression of ved was downregulated by the overexpression of Dha/Boz and Gsc. Genotyping of the boz mutant embryos (b,g) was performed by PCR after the photographs were taken. Animal pole view, dorsal is to the right. The dorsal edge of ved expression domain is indicated by arrowheads (a,f). (B) Whole-mount in situ hybridization for ved was performed on wild-type embryos (a,f), din tt250 mutants (b,g), swr tc300 mutants (d,i), and embryos injected with 50 pg of bmp2b RNA (c,h) or 50 pg of noggin1 RNA (e,j) at the 30% epiboly (a-e) and 80% epiboly (f-j) stages. Arrowheads mark the dorsal border of ved expression (a-e). ved expression was not dependent on BMP signaling at the late blastula stage, but was dependent on it at the mid-gastrula stage. Genotypes were determined by PCR after the photographs were taken (b,g,d,i) . Animal pole view (a-e), lateral view (f-j), dorsal is to the right. region (5/5; Fig. 3B ). In contrast, in the swr mutants the ventral expression domain was reduced, but expression was maintained at the blastoderm margin (5/5; Fig. 3B ). In addition, ved expression domain expanded to the dorsal margin in bmp2b RNA-injected embryos at the 80% epiboly stage (20/20, Fig. 3B ), as was observed in the din mutants. ved expression was reduced in noggin1 RNA-injected embryos in the same way as in the swr mutants (20/20; Fig. 3B ). These results indicate that, although the expression of ved was independent of BMP signaling at the late blastula stage, it became dependent on BMP signaling at the mid-tolate gastrula stage.
ved ventralizes embryos and acts as a transcriptional repressor
The overexpression experiments indicated that vox/vega1
and vent/vega2 ventralized embryos repressed the expression of organizer genes. To determine whether ved has similar functions, we examined the effects of ved misexpression on DV axis formation and organizer gene expression. The ved-overexpressing embryos displayed ventralized phenotypes, which were characterized by defects in the axial mesendoderm (notochord and prechordal plate) and head formation (39/49; Fig. 4B ). The phenotype of the ved-overexpressing embryos was similar to that of severely affected boz m168 mutant embryos. Expression of the organizer genes gsc (15/16) and din (15/16) was repressed by the ved misexpression (Fig. 4B) , indicating that ved is capable of ventralizing embryos and repressing the organizer genes.
We next examined whether Ved functions as a transcriptional repressor for suppressing organizer formation, as reported for Vox/Vega1 and Vent/Vega2 (Kawahara et al., 2000a,b) . We constructed fusion proteins between Ved and ) were analyzed at 24 h.p.f. The expression patterns of dha/boz, gsc, and din were detected by wholemount in situ hybridization at the 30% epiboly (e-h) and shield (i-p) stages. Embryos injected with 100 pg of ved RNA or 100 pg of En-ved RNA displayed a strongly ventralized phenotype at 24 h.p.f. (b,c) and reduced expression of dha/boz (f,g), gsc (j,k), and din (n,o). A strongly dorsalized phenotype and expanded expression of dha/boz, gsc, and din were induced by injection with 100 pg of VP-ved RNA (d,h,l,p) . Lateral view (e-h), animal pole view (i-p), dorsal is to the right.
the transcriptional repressor domain of Engrailed and the transcriptional activation domain of VP16 (Fig. 4A) . Expression of En-Ved ventralized the embryos (30/34) and abolished the expression of dha/boz (20/20) and the organizer genes gsc (15/15) and din (14/14) as efficiently as the wild-type Ved did (Fig. 4B) . In contrast, expression of VP16-Ved dorsalized the embryos (36/37; Fig. 4B ), and the phenotypes of the embryos were similar to the phenotype of the Dha/Boz-misexpressing embryos. Expression of VP16-Ved elicited ventral expansion of the expression domain and/or ectopic expression of dha/boz (10/19), gsc (14/14), and din (14/14) to various degrees (Fig. 4B) . Compared with gsc and din, ectopic expression of dha/boz was less frequently observed in the VP16-Ved-overexpressing embryos. These results suggest that Ved acts as a transcriptional repressor to suppress the organizer genes and less efficiently suppress dha/boz. 2.5. ved acts redundantly with vox/vega1 and vent/vega2 to restrict the organizer to the dorsal domain Because ved functions similarly to vox/vega1 and vent/ vega2, the antimorphic form VP16-Ved might also suppress the functions of Vox/Vega1 and Vent/Vega2. To address this point and to learn the endogenous function of ved in the formation of the organizer, we inhibited the functions of ved, vox/vega1, and vent/vega2, individually and in combination, by the injection of antisense morpholino oligonucleotides (MO), which specifically block the translation of genes (Heasman et al., 2000; Nasevicius and Ekker, 2000) . Because the phenotypes resulting from the loss of the vox/ vent/vega family genes are reported to depend on the genetic background, we injected MOs into TL-and AB-strain embryos. When 840 pg of ved MO alone was injected into wild-type AB embryos, about a half of the embryos were weakly dorsalized (Table 2 ; Fig. 5A ) and the expression domains of the organizer genes gsc (8/20) and din (9/20) were slightly expanded to the ventral side (Fig. 5B) . The effects of the ved MO were relatively weaker in the TL embryos (Table 2 ). Co-injection of the ved MO with the vox or vent MO slightly enhanced the dorsalization of the single MO injection in both TL and AB embryos (Table 2 ; Fig. 5A ). Co-injection of the vox MO (420 pg) and vent MO (420 pg) strongly dorsalized the TL-strain embryos but did (Mullins et al., 1996) (C1 is the weakest and C5 is the strongest dorsalization). Control embryos (a), C1 dorsalized embryo from injection with 840 pg of ved MO (b), C2 dorsalized embryo from injection with 840 pg of ved MO (c), C3 dorsalized embryo from co-injection with 420 pg of vox MO and 420 pg of ved MO (d), C4 dorsalized embryo from co-injection with 300 pg of vox MO, 300 pg of vent MO, and 300 pg of ved MO (e), C5 dorsalized embryo from co-injection with 300 pg of vox MO, 300 pg of vent MO, and 300 pg of ved MO (f). (B) Expression of dha/boz (a,b), dkk1 (c,d), gsc (e-h,m-p), and din (i-l,q-t) were examined by whole-mount in situ hybridization at the 30% epiboly (a,b) and shield (c-t) stages in wild-type (AB strain) embryos (a,c,e,i), embryos injected with 840 pg of ved MO (f,j) or 840 pg of vedMis MO (g,k), embryos co-injected with 420 pg of vox MO and 420 pg of vent MO (h,l), 300 pg of vox MO, 300 pg of vent MO, and 300 pg of ved MO (b,d,m,q), 300 pg of vox MO, 300 pg of vent MO, and 300 pg of vedMis MO (n,r), 300 pg of vox MO, 300 pg of vent MO, 300 pg of ved MO, and 50 pg of ved RNA (o,s), or 300 pg of vox MO, 300 pg of vent MO, 300 pg of ved MO, and 50 pg of vedMis RNA (p,t). Ventrally expanded expression of dha/boz, dkk1, gsc, and din was produced by co-injection with vox, vent, and ved MO, and ved MO blocked the effects of ved in a highly sequence-specific manner. Animal pole view, dorsal is to the right.
not efficiently dorsalize the AB-strain embryos (Table 2) , as reported previously (Imai et al., 2001) . Injection of the ved MO (300 pg), together with the vox (300 pg) and vent MO (300 pg), strongly dorsalized the AB embryos with high frequency (Table 2 ; Fig. 5A ), suggesting that ved compensates for the loss of vox/vega1 and vent/ vega2 functions in the AB strain. The expression domains of the organizer genes gsc (16/16), din (14/14), and dkk1 (16/16) expanded ventrally, and their transcripts were detected in the entire blastoderm margin in the ved, vox, and vent MO-co-injected AB embryos at the shield stage, although a higher level of expression of gsc and din was still detected on the dorsal side (Fig. 5B) . The dha/boz expression domain also expanded ventrally in these embryos (9/ 20), although far less than the domains of gsc and din (Fig.  5B) .
The effects of the ved MO were specific to ved, because injection of a control MO (vedMis MO), which contained four mispaired nucleotides, did not dorsalize the embryos or enhance the effects of the vox or vent MO (Table 2 ; Fig. 5B ). Furthermore, injection of a mutant ved RNA, vedMis RNA that cannot be inhibited by ved MO (five silent nucleotide substitutions were introduced into the 5 0 region of ved)
suppressed the dorsalizing effects of the ved, vox, and vent MO co-injection and ventralized the embryos (Table 2 ; Fig.  5B ), further supporting the idea that ved can compensate for the loss of vox/vega1 and vent/vega2. These results indicate that ved acts redundantly with vox/vega1 and vent/vega2 to repress the organizer genes in the ventrolateral region.
Discussion
3.1. Dharma/Bozozok functions as a transcriptional repressor for the dorsal organizer formation dharma/bozozok is known to be a direct target for the dorsal determinants-dependent Wnt signal, and it functions at the top of the hierarchy of zygotic dorsalizing signals. The existence of an Eh1 domain in Dha/Boz has led to the suggestion that Dha/Boz functions as a transcriptional repressor, although there was no direct proof showing the repressor function of Dha/Boz. In this report, we demonstrated for the first time that Dha/Boz functions as a transcriptional repressor, by using fusion proteins between Dha/ Boz and the transcriptional repressor Engrailed and the transcriptional activator VP16 (Fig. 1) . We also showed that Dha/Boz interacted with a Groucho transcriptional corepressor through its Eh1 motif, further supporting the repressor function of Dha/Boz (Fig. 1) . In zebrafish, groucho1 and groucho2 transcripts are maternally encoded and distributed ubiquitously in embryos; zygotic expression is initiated from the early gastrula stage (Wulbeck and Campos-Ortega, 1997) . Dha/Boz likely interacts with maternally deposited Groucho proteins and exhibits repressor function on the dorsal side.
Although ESID-and DN-Dharma did not interact with Groucho2, they could elicit dorsalization when they were expressed at higher levels. These data suggest other mechanisms by which Dharma/Bozozok represses the ventral genes, such as ved, independently of the Eh1 domain and a Groucho. Alternatively, in those conditions, high amounts of ESID-and DN-Dharma might occupy the promoter region of ved and prevented the access of transcription factors to the promoter region.
Gsc displays strong sequence similarities with both the homeodomain and Eh1 repressor motif of Dha/Boz. Xenopus Gsc is reported to function as a transcriptional repressor for dorsal axis formation (Ferreiro et al., 1998) . Misexpression of gsc repressed the expression of ved, as did dha/boz. These data suggest that the dorsal-specific repressors Dha/ Boz and Gsc function similarly to repress ventral-specific genes in distinct and/or overlapping dorsal domains and developmental stages.
A novel ventrally expressed homeobox gene, ved
Because Dha/Boz functions as a transcriptional repressor, Dha/Boz should repress genes that function as ventralizing factors and repress the dorsal fate. Previously, vox/vega1, vent/vega2, and bmp2b/swirl were proposed as candidate target genes for Dha/Boz and possibly Gsc (Kawahara et al., 2000a,b; Koos and Ho, 1999; Melby et al., 2000) . ved, which we isolated in this report, is another candidate target. ved belongs to the vox/vent/vega family. Sequence analysis revealed that Ved has an asparagine (Asn) at position 47 in the homeodomain instead of an isoleucine (Ile), which is characteristic of the Antennapedia-type homeobox genes. Members of the vox/vent family homeobox genes have a threonine (Thr) at position 47 of the homeodomain. Although this amino acid is reported to be important for the recognition of specific DNA elements (Dear et al., 1993; Jagla et al., 1994) , gain-and loss-of-function ved constructs revealed that the function of Ved (Asn 47) is redundant with the functions of Vox/Vega1 and Vent/ Vega2 (Thr 47), suggesting that the conversion of Thr to Asn may not affect DNA sequence recognition. Alternatively, Ved may have other functions that could not be analyzed in this study. Future studies on ved MO-injected embryos may elucidate novel functions of Ved that are not conserved with Vox/Vega1 and Vent/Vega2. In addition to the homeodomain, Ved has a small domain (nine amino acids) in its amino terminal region that displays homology with a domain in Vox/Vent-family proteins. This domain in Ved has similarity to the Eh1 motif, but some amino acid components are different. Ved functions as a transcriptional repressor (discussed subsequently), but failed to interact with zebrafish Groucho2 in HEK 293T cells, unlike Dha/ Boz (data not shown). A mutation in a conserved phenylalanine in this motif in Vox/Vega1 and Vent/Vega2 failed to abolish their ventralizing activity (Melby et al., 2000) . These data suggest that Ved, Vox/Vega1, and Vent/Vega2 repress target genes using a different mechanism than do Dha/Boz and Gsc.
The expression pattern of ved was similar to that of vox/ vega1 in wild-type embryos (Fig. 2) . The expression of ved was negatively regulated by dha/boz and gsc at the late blastula to early gastrula stages (Fig. 3) , as was the expression of vox/vega1 and vent/vega2 (Kawahara et al., 2000a,b; Melby et al., 2000) , supporting the idea that ved, vox/vega1, and vent/vega2 are targets for the transcriptional repressors Dha/Boz and Gsc. At the mid-to-late gastrula stage, ved expression became regulated by BMP signals, like vox/ vega1 and vent/vega2 (Fig. 3) . In Xenopus, the expression patterns of the vox/vent2/Xom and Xvex-1 genes are regulated by BMP signaling during gastrulation (Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996; Shapira et al., 1999) . All of these data indicate that the expression patterns of the ved/vox/vent genes are regulated in a similar manner, and that conserved mechanisms involving ved/vox/vent control the initial DV patterning in vertebrate embryogenesis.
ved is a redundant transcriptional repressor that suppresses the organizer genes
Misexpression of wild-type Ved and the expression of En-Ved eliminated the expression of the organizer genes and induced ventralized phenotypes (Fig. 4) . Expression of VP16-Ved elicited expanded or ectopic expression of the organizer genes and dorsalized the embryos (Fig. 4) . These data indicate that Ved functions as a transcriptional repressor that suppresses the organizer genes, as do Vox/ Vega1 and Vent/Vega2.
Previous loss-of-function studies of vox/vega1 and vent/ vega2, involving either chromosomal deletion or MO injections, revealed that these two genes act redundantly to suppress the organizer genes and restrict the organizer domain. It was reported that the phenotype of embryos that lack vox/vega1 and vent/vega2 function is strongly affected by the genetic background. Loss of vox/vega1 and vent/vega2 function strongly dorsalizes TL-strain embryos, but only weakly dorsalizes AB-strain embryos, and at a low frequency (Imai et al., 2001) , suggesting that the AB genetic background has one or more dominant genes that compensate for the loss of the vox/vega1 and vent/vega2 functions (Imai et al., 2001) . We found that the loss of ved function strongly enhanced the dorsalized phenotype caused by the loss of vox/vega1 and vent/vega2 functions in the AB background, suggesting that ved is one of the compensating dominant genes in the AB background (Table 2 ; Fig. 5 ). Preliminary analyses of the expression patterns and sequence of ved in the AB and TL strains did not show a significant difference between the strains. Furthermore, the ved MO weakly dorsalized the TL-strain embryos, and misexpression of ved isolated from the TL strain ventralized the embryos to the same extent that ved from the AB strain did (unpublished observation). Therefore, although ved exhibits redundant functions with vox/vega1 and vent/vega2 in ventralization, genes other than ved act as genetic background-dependent modifiers and suppress the effects of the loss of vox/vega1, vent/vega2, and possibly ved functions.
Loss of ved, vox/vega1, and vent/vega2 elicited the expression of gsc and din in the entire blastoderm margin at the shield stage (Fig. 5) . However, there was still a DV gradient or a stronger dorso-anterior expression of gsc and din observed in these embryos, suggesting that gene(s) other than ved, vox/vega1, and vent/vega2 are involved in repressing the organizer genes. Alternatively, a ventral-repressorindependent mechanism may control the dorsal organizer formation together with the repressor-mediated mechanism. At the mid-blastula stage, dorsal expression of gsc, din, and dkk1 is independent of dha/boz, and may be regulated directly by the maternally derived Wnt signal Shimizu et al., 2000) , which may contribute to the Dha/Boz-and Ved/Vox/Vega-independent dorsal determination.
Although expression of the organizer genes gsc, din, and dkk1 was strongly expanded to ventral side in the ved, vox, and vent MO-co-injected embryos and the VP16-vedexpressing embryos, only subtle expansion of dha/boz was observed in those embryos at low frequency. These data suggest that vox/vega1, vent/vega2, and ved rather function in restricting the dha/boz expression on the most dorsal side than repressing it on the ventral side.
dha/boz is capable of inducing the organizer in a non-cellautonomous manner, suggesting that dha/boz functions in the zebrafish Nieuwkoop center (Koos and Ho, 1998; Yamanaka et al., 1998 ). The present model of the antagonistic interaction between dha/boz and ved, vox/vega1, and vent/ vega2 cannot explain the dha/boz-mediated non-cell-autonomous organizer induction. Dha/Boz may directly suppress the expression of ved, vox/vega1, and vent/vega2, and Ved, Vox/Vega1, and Vent/Vega2 may suppress the expression of non-cell-autonomous factors that induce the organizer. In support of this idea, we observed that the injection of VP16-Ved into the YSL elicited dorsalization of the embryos (data not shown).
In summary, our present study revealed that Dha/Boz acts as a transcriptional repressor through the Eh1 domain. A novel homeobox gene, ved, was identified as a potential target for Dha/Boz. Dorsal exclusion of ved together with vox/vega1 and vent/vega2 by Dha/Boz restricts the dorsal organizer domain in zebrafish.
Experimental procedures
Fish maintenance and strains used
Fish and embryos were maintained essentially as described previously (Solnica-Krezel et al., 1994 , and swirl tc300 have been described (Dick et al., 2000; Fekany et al., 1999; Hild et al., 1999) .
Plasmid constructs
To construct the plasmid for En-Dharma, the repressor domain of Drosophila Engrailed was excised from pTB-En (Fan and Sokol, 1997) with HindIII and XhoI, and inserted into the EcoRI and SalI sites of pCMVSport-dharma (Yamanaka et al., 1998) (the EcoRI sites had been created by subcloning). To construct a plasmid containing the transactivation domain of VP16, a fragment (amino acids 412-490) of the Herpes Simplex Virus type I VP16 gene (Sadowski et al., 1988) was amplified by PCR and subcloned into the ClaI and EcoRI sites of pCS2 1 NLS (Turner and Weintraub, 1994) (pCS2 1 NLS VP16AD) . The plasmid for VP16-Dharma was constructed by inserting the carboxy-terminal domain of Dharma (the SalI-XbaI fragment from pCMVsport-dharma) into pCS2 1 NLS VP16AD. The ESID-Dharma expression construct was generated by PCRmediated site-directed mutagenesis from pCMVSportdharma. To construct the expression plasmids for GFPDharma, GFP-DN-Dharma, and GFP-ESID-Dharma, DNA fragments of Dha/Boz, DN-Dharma (amino acids 21-192), or ESID-Dharma were amplified from pCMVSport-dharma or ESID-Dharma by PCR and inserted into pEGFP-C1 (Clonetech). pCS3 1 MT zGroucho2 was generated by inserting zebrafish groucho2 into pCS3 1 MT. The repressor domain of Drosophila Engrailed (amino acids 1-226) was amplified from pTB-En by PCR and subcloned into the BamHI and EcoRI sites of pCS2 1 (pCS2 1 En). To construct the plasmid for En-Ved and VP16-Ved, a fragment containing amino acid residues 132-278 was amplified by PCR and subcloned into the EcoRI and XbaI sites of pCS2 1 En and pCS2 1 NLS VP16AD. Silent nucleotide substitutions were introduced by PCR into pCS2 1 Vad: 5 0 -GGGAATTCAATGAAaGGtCAaTTtTCaATC-3 0 (11 to 121, the starting ATG is underlined).
Immunoprecipitation and Western blot analysis
HEK 293T cells were co-transfected via the calcium phosphate method with the various GFP-tagged Dha/Boz mutant plasmids and Myc-tagged zebrafish Groucho2. The cells were lysed 36 h posttransfection in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% Triton X-100, 1 mM PMSF, 50 mg/ml leupeptin, 25 mg/ml pepstatin A). Lysates were precipitated with anti-GFP rabbit polyclonal antibodies (MBL), resolved by 4-20% SDS-PAGE, and blotted with anti-Myc monoclonal antibodies (9E10, Sigma). The Dha/Boz and Dha/Boz mutant proteins were detected by Western blotting with anti-GFP monoclonal antibodies (MBL) in the same membrane. Expression of Myc-tagged Groucho2 proteins were detected by Western blotting with anti-Myc monoclonal antibodies in whole cell lysates.
Isolation of ved
Total RNA was extracted using the Sepasol reagent (Nacalai tesqeu) from late blastula to early gastrula stage zebrafish embryos that were uninjected or had been injected with dha/boz RNA (5 pg) or axin1 (500 pg) plus bmp2b RNA (100 pg). ODD was performed using a standard protocol (Hirate et al., 2001; Matz et al., 1997) . Amplifications were carried out in PC2-ODD buffer (20 mM Tricine-KOH pH 8.7, 16 mM (NH 4 ) 2 SO 4 , 1.5 mM MgCl 2 , 150 mg/ ml BSA) with 250 mM dNTPs, 0.2 mM of TE-primer, 0.2 mM of 33 P-labeled AdE2-primer, 2.5 units KlenTaq polymerase (Clontech), and 0.3 mg TaqStart antibodies (Clontech) in a total volume of 10 ml. The PCR conditions were: 948C for 40 s, 658C for 30 s, 728C for 1.5 min, 25 cycles. To discriminate the PCR products, 2.5 ml of each reaction mixture was analyzed on a 6% polyacrylamide sequence gel. After autoradiography, bands that were specifically enhanced or repressed in samples from the dorsalized and ventralized embryos were excised from the gel. DNA fragments were extracted in 50 ml of QT buffer (10 mM Tris-HCl pH 8.0) for 2 h at 508C and reamplified with the same combination of AdE2 and TE primers that were used for the ODD reaction. The re-amplified DNA fragments were cloned into the pGEM-T easy vector (Promega) and sequenced. cDNA fragments were selected by further screening using whole-mount in situ hybridization, and one clone was expressed ventrally (Clone ID 12). Full-length ved was obtained by RACE using a SMART RACE Amplification Kit (Clonetech). The GenBank accession number for ved is AB082517.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out as previously described (Jowett and Lettice, 1994) . Color detection was achieved using BM purple AP (Roche) as the alkaline phosphatase substrate. Photographs were taken using an AxioPlan 2 microscope (Zeiss) equipped with an HC-2500 3 CCD camera (Fuji Film). Figures were assembled using Adobe Photoshop version 6.0.
RNA and MO microinjections
To make synthetic capped RNAs for dha/boz, dha/boz mutants, ved, and ved mutants, plasmids containing the cDNAs for these molecules were linearized and transcribed with SP6 polymerase. MO were obtained from GeneTools LLC. Antisense vox/vega1 morpholino and antisense vent/ vega2 morpholino were described previously (Imai et al., 2001) . Antisense ved morpholino (5 0 -ACTCGATGGA-GAACTGACCCTTCAT-3 0 ) and a control morpholino with four mispaired bases (5 0 -ACTCtATGGtGAACTcACCCaTCAT-3 0 ) were used. RNA was diluted in 0.2% Phenol Red, 0.2 M KCl and injected into one-cell-stage embryos. MO were dissolved in 1 £ Danieu's buffer (Nasevicius and Ekker, 2000) and injected into one-cell-stage embryos.
